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We demonstrate double quantum dots fabricated in undoped Si/SiGe heterostructures relying on a double
top-gated design. Charge sensing shows that we can reliably deplete these devices to zero charge occupancy.
Measurements and simulations confirm that the energetics are determined by the gate-induced electrostatic
potentials. Pauli spin blockade has been observed via transport through the double dot in the two electron
configuration, a critical step in performing coherent spin manipulations in Si.
Quantum dots in silicon are currently the focus of
many research efforts due to their potential use for
semiconductor-based quantum information processing.1
Measurements of several important properties of Si quan-
tum dots have been recently reported such as spin
relaxation,2–5 valley splitting,6–8 and spin blockade.9–11
However, existing Si quantum dot designs, based on Si-
MOS technology or strained Si/SiGe modulation doped
heterostructures, continue to be plagued by the presence
of interface charge and ionized dopants. The large ef-
fective electron mass in Si, 0.19 me, nearly three times
that in GaAs, serves to increase the relative influence
of the charge induced disorder potential, requiring the
fabrication of exceedingly small devices. An attractive
approach is to isolate electrons from these sources of dis-
order by using an undoped Si/SiGe heterostructure to-
gether with a global accumulation gate.12 Devices fabri-
cated on such structures have recently demonstrated high
electron mobilities13 and Coulomb blockade.14
In this letter we report low temperature measurements
of three double quantum dot devices, fabricated on sepa-
rate nominally undoped Si/SiGe heterostructure wafers.
Measurements for each device demonstrate that the (0, 0)
charge configuration is achieved. Pauli spin blockade has
been observed in one of these devices at the (1, 1)↔ (0, 2)
charge transition.
The device design is based on a double top-gated
structure, similar to previous work,4 in which a global
field gate is used to accumulate a two-dimensional elec-
tron gas (2DEG) in the Si well, and a set of localized
depletion gates create a confining potential in which
to form the quantum dots. The epitaxial structure,
Fig. 1(a), is grown by either chemical vapor deposition
or molecular beam epitaxy on strain-relaxed Si1−xGex
(x = 0.33 ± 0.02) buffers. The field gate is isolated
from the depletion gates via atomic layer deposition of
dielectrics. Figure 1(b) shows a scanning electron micro-
graph of the electron-beam defined depletion gates with
∼ 50 nm line widths. The depletion gates are designed
to maximize the inter-gate distances, in particular the L-
T and T-R tunnel barriers, while minimizing the area of
the double quantum dot region. The addition of gate Q
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FIG. 1. (a) Schematic cross-section of the device. (b) Scan-
ning electron micrograph of device C after depletion gate met-
allization. Ohmic connections to 2DEGs are represented by
black boxes. Current through the dot is measured between S
and D, and QPC current is measured between the rightmost
ohmics. Measurements from four Hall bars represented by
different symbols (color online) show (c) electron concentra-
tion, n2DEG, versus field gate bias, VFG, and (d) mobility, µ,
vs. n2DEG.
defines a quantum point contact (QPC) which is capaci-
tively coupled to the dots and is able to sense the charge
occupation of the device.
Confirmation that a 2DEG is formed in the 10 nm Si
well, and not at the Si-dielectric interface, was achieved
via low-field Hall measurements (B < 0.5 T) at 4.2 K
using standard lock-in measurement techniques. Fig-
ures 1(c) and 1(d) show Hall measurements of electron
concentration and mobility from four Hall bars taken
from the same processed wafer. A linear fit of n2DEG
vs. VFG, dashed line in Fig. 1(c), yields a capacitance of
3.13 ± 0.03 × 1011 cm−2/V, consistent with a 2DEG in
the Si well; the computed capacitance for the Si well is
3.2±0.1×1011 cm−2/V versus 3.8±0.1×1011 cm−2/V for
the Si-dielectric interface. Using the extrapolated thresh-
old voltage, 0.36 V, modeling indicates a relatively low
quantity of fixed negative charge at the Si-dielectric in-
terface, ∼ 3 × 1011 cm−2. Figure 1(d) shows the mea-
ar
X
iv
:1
10
6.
62
85
v1
  [
co
nd
-m
at.
me
s-h
all
]  
30
 Ju
n 2
01
1
2(a)
Dev. A
(0,1)
(0,0)
(b) (c)
(1,0)
(0,1)
(0,0)
(1,0)
(0,2)
(1,1)
(1,2)
Dev. B Dev. C
(0,1)
(0,0)
(1,0)
(0,2)
(1,1)
(1,2)
(1,1)
FIG. 2. Charge stability diagrams are determined by measuring the transconductance of the QPC. Three different devices
exhibit (0, 0) charge occupancy in the left and right dots respectively. Each device has its gates biased accordingly: (a) Device
A: VFG = 2.25 V, VT = 0.33 V, VM = −0.15 V, VL = −0.325 V, VR = −0.31 V; (b) Device B: VFG = 2.5 V, VT = 0.2 V,
VM = −0.3 V, VPL = −0.35 V, VPR = −0.35 V; (c) Device C: VFG = 1.7 V, VT = 0.375 V, VM = −0.1 V, VPL = −0.075 V,
VPR = 0.225 V.
sured mobility, µ, vs. n2DEG, where µ ∼ 30, 000 cm2/V-s
for n2DEG = 5 × 1011 cm−2. The peak mobilities ap-
pear to be limited by ∼ 1016 cm−3 residual uniform
background charge in our heterostructure consistent with
theoretical mobility estimates15 and a high saturation
value of the Hall-inferred electron concentration, nmax =
6 − 8 × 1011 cm−2. Beyond nmax, electrons accumulate
at the Si-dielectric interface.
Transport measurements were performed on three dou-
ble quantum dot devices, each cooled down in a dilu-
tion refrigerator to a base temperature of 20 mK. The
field gate is biased such that devices are operated with
n2DEG = 4 − 6 × 1011 cm−2, a bias range that provides
additional control over the tunnel barriers into the quan-
tum dot. The depletion gates, T, L, PL, M, PR, R,
are reverse biased in order to define a double dot. Tun-
ing the device to zero charge occupancy is more easily
achieved by measuring changes in the transconductance
of the QPC corresponding to charge transitions in the
double dot. Figure 2 shows AC differential transconduc-
tance measurements16 for all three devices plotted as a
function of two depletion gate voltages. All exhibit the
ability to achieve the (0, 0) charge configuration, that
is zero charge occupancy in both left and right dots.17
Both the (0, 0)↔ (0, 1) and (0, 0)↔ (1, 0) transition for
each device show no indication of additional potential
shifts associated with electron loading of the adjacent
dot, for upwards of 4 addition energies. Table I shows
that all three devices have similar first addition energies
∆µ1 = 6− 8 meV for both left and right dots along with
similar gate lever arms, α, for both L and R (PL and PR
for device A). This consistency among the three devices,
as well as among the individual dots within each double
dot, strongly indicates that these dots are defined by the
electrostatic potential created by the depletion gates and
not by random disorder.
∆µ1 (meV) α (eV/V) ∆ES-T (meV)
Device left right L(PL) R(PR) (2,0) (0,2)
A 7.9 7.4 0.052 0.058 ∼0.05 ∼0.05
B 8.0 6.2 0.052 0.066 >0.23 <0.05
C 7.4 7.0 0.045 0.059 — 0.13
Simulation 6.4 5.4 0.049 0.063 ≤0.50
TABLE I. Measured and simulated parameters for the left
and right dots of the double quantum dot. First addition
energy, ∆µ1 ≡ µ2 − µ1, for left and right dots. α is given for
gates PL and PR for device A, and gates L and R for devices
B and C. ∆ES-T is the singlet-triplet energy splitting of the
(2, 0) or (0, 2) configurations (not measured for (2,0) of device
C).
The energetics of these devices is confirmed by real-
space simulations using a hybrid Poisson-Schro¨dinger /
full configuration interaction scheme. The total self-
consistent charge density is partitioned into two regions,
allowing us to solve the exact many-electron Hamilto-
nian for the few electron quantum dot system, while
treating the bath regions semi-classically. Figure 3(a)
shows a simulation based on the nominal device design
that includes 3 × 1011 cm−2 of fixed discrete charge,
randomly distributed at the Si-dielectric interface, and
n2DEG = 4×1011 cm−2. The addition energies and α val-
ues for each of the two dots in this simulation are given
in the last row of Table I, showing consistency with the
measured data. Figure 3(b) shows a simulation of a simi-
lar device in which the source of the disorder potential is
moved to within 10 nm of the electron layer, comparable
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FIG. 3. (a) Simulation of self-consistent electrostatic poten-
tial (blue) and electron density (red/yellow) of the nominal
device tuned to the (1, 1) charge configuration, for an instance
of discrete Si-dielectric interface charge. (b) Simulation of a
similar device in which the source of the disorder potential is
moved to within 10 nm of the quantum well.
to that typical of modulation doped Si/SiGe heterostruc-
tures. The increased influence of disorder both disturbs
the quantum dot states and demonstrates the likelihood
of disorder dot formation.
The detection of spin blockade requires a singlet-triplet
energy splitting, ∆ES-T, of the (0, 2) or (2, 0) state that
is significantly larger than kT . Low-lying N = 2 triplets
in Si can be formed from either orbital excited states (for
highly elongated configurations) or valley excited states.
Magnetospectroscopy was performed on each of the dots
within each device in order to infer ∆ES-T,
6 the results
of which are given in Table I. Two of the three devices,
B and C, display the required energetics to enable a spin
blockade measurement.
The gate design provides the ability to tune the tunnel
barriers with minimal effect on the confining gate poten-
tials, allowing us to observe transport in bias triangles18
down to the (0, 2) charge configuration, similar to what
has been previously achieved in GaAs.19 The asymmetric
charge sensor design limited our ability to observe trans-
port at the (2, 0) ↔ (1, 1) charge transitions, preventing
us from attempting a blockade measurement at that tran-
sition in device B. Figure 4 presents transport data for
both forward and reverse DC biases at the (1, 1)↔ (0, 2)
charge transition for devices B and C. From the magni-
tudes of the measured currents, we infer that the limiting
tunnel times are < 100 ns (Dev. B) and < 10 ns (Dev.
C). Figures 4(a) and 4(b) show bias triangles for device
B where blockade is not seen, as expected due to the
small ∆ES-T of its (0, 2) charge configuration; similarly
no blockade was observed in device A. The signature of
Pauli spin blockade in device C can clearly be seen by
comparing the size of the transport region in the bias
triangles in Figs. 4(c) and 4(d) with ±0.5 mV applied
across the dots. The size of the blockade region in the re-
verse bias configuration implies the presence of an excited
(0, 2) triplet with a splitting of 0.14± 0.01 meV from the
ground state, consistent with the magnetospectroscopy-
measured ∆ES-T = 0.13± 0.01 meV for this device.
In summary we have fabricated and measured double
quantum dots that are easily tuned to the last electron.
Isolating the electron system from sources of charged im-
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FIG. 4. Through-dot current, ISD (pA), as a function of VL
and VR for (1, 1) ↔ (0, 2) charge transitions for devices B
and C with schematic energy diagrams. (a) and (b) show no
observable Pauli spin blockade for device B as expected from
the small S(0, 2) − T(0, 2) energy splitting. (c) Device C at
VSD = +0.5 mV; current is observed throughout both bias
triangles (white dashed lines). The orange star indicates the
region in which only S(0, 2)→ S(1, 1) transitions are allowed.
The blue circle represents the region of increased current once
the T(0, 2) state becomes energetically accessible. (d) Device
C at VSD = −0.5 mV, current is suppressed in the region
marked with a red diamond due to Pauli spin blockade un-
til the T(1, 1) → T(0, 2) transition becomes allowed (green
square).
purities, such as those at an oxide interface or a doping
layer, has resulted in devices with greatly improved sta-
bility and reproducible performance. Pauli spin blockade
at the (1, 1)↔ (0, 2) charge transition has been observed
with < 10 ns tunneling times to the electron baths, en-
abling the future demonstration of coherent control of
the two-electron spin system in Si.
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